Photovoltaic energy conversion in photovoltaic cells has been analyzed by the detailed balance approach or by thermodynamic arguments. Here we introduce a network representation to analyze the performance of such systems once a suitable kinetic model (represented by a master equation in the space of the different system states) has been constructed. Such network representation allows one to decompose the steady state dynamics into cycles, characterized by their cycle affinities. The maximum achievable efficiency of the device is obtained in the zero affinity limit. This method is applied to analyze a microscopic model for a bulk heterojunction organic solar cell that includes the essential optical and interfacial electronic processes that characterize this system, leading to an explicit expression for the theoretical efficiency limit in such system. In particular, the deviation from Carnot's efficiency associated with the exciton binding energy is quantified.
I. INTRODUCTION
The quest to improve the efficiency of solar energy conversion is the focus of intensive current research. [1] [2] [3] In particular, considerable attention has focused recently on organic solar cells, where advantageous low manufacturing cost is still counterbalanced by a relatively low energy conversion yield, associated with the fact that light absorption in such low dielectric permittivity materials forms excitons, that is electron-hole pairs, 4 that require extra energy for dissociation.
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Such energy conversion studies naturally involve question concerning efficiency, 11, [14] [15] [16] [17] in particular the possible existence of fundamental limits on this efficiency. [18] [19] [20] [21] [22] [23] Obviously, the efficiency of any individual photovoltaic system intimately depends on its structure, but much as is done for heat engines, it is of interest to understand it on the generic level which starts with the determination of the maximum efficiency and follows by identifying and analyzing processes that reduce it. The seminal work of Shockley and Queisser (SQ) 18 is a prominent example. In that work, a thermodynamic analysis of semiconductor (SC)-based solar cells is carried out under the assumptions that (a) all photons with energies larger than the SC band gap are absorbed, and (b) the only source of loss is the radiative recombination of e-h pairs (an unavoidable process whose existence follows from the principle of detailed balance). With these model assumptions, and using thermodynamic considerations formulated in terms of the detailed balance principle, SQ has provided a simple analysis of the maximal ensuing cell efficiency. Several works, see for example Refs. 24-28, have extended the SQ analysis to more complex models, e. g., organic photovoltaic (OPV) cells. 13, 16, 21, 22, 24, [27] [28] [29] Others have formulated abstractions of the SQ model (sometimes with generalizations that account for carrier non-radiative recombination) in order to study its kinetics and thermodynamics foundation. [30] [31] [32] [33] [34] [35] Recent works have also studied the possible implications of quantum coherence in the quantum analogues of such kinetic models.
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At the core of many of these generic approaches is the use of thermodynamics to analyze energy exchange and conversion processes in the limit of vanishing rates. Such analysis can provide generic results for maximal efficiencies at the cost of being limited to zero power processes. Consideration of such systems under finite power operation requires more detailed information about the underlying rate processes. This has been done for specific model systems, see e. g. Ref. 32 , however it is of interest to find a general formulation and generic principles that underline the analysis of such situations. Obviously, such an analysis should reduce to its thermodynamic counterpart in the limit of zero rates (that is, equilibrium) and power.
In this paper we formulate this task in the framework of network theory as applied to steady state systems. scription can be applied in far more complex situations.) The system dynamics is described by a kinetics scheme derived using a lattice gas approach, 50-53 similar in spirit to previous 
Under conditions that lead to equilibrium at long time, the ratios between these rates The molecule can be in states 0 = |0, 0 , 1 = |1, 0 and 2 = |0, 1 where |n 1 , n 2 is a state with n 1 electrons in level 1 and n 2 electrons in level 2 (double occupancy is not allowed).
are determined by the ambient temperature T , the level energies E 1 , E 2 and the chemical potential µ that characterizes electrons in the metal electrodes, and are given by the detailed balance relations
where β = 1/k B T is the inverse thermal energy and k B is the Boltzmann constant. Note that the rates k 21 and k 12 can originate from radiative transition (thermal radiation) as well as non-radiative processes, both characterized by the ambient temperature T . At equilibrium all fluxes vanish, J ji = k ji P eq i − k ij P eq j , where P j is the probability that the system is in state j. A cyclical network of this property is characterized by the identity
that is satisfied by the ratio between forward and backward rates in a reaction loop, provided that these rates sustain a state of zero loop current.
In an operating photovoltaic cell the system is taken out of this equilibrium in two ways:
(a) Radiative pumping (an damping) is affected on the 1-2 transition. In standard models of photovoltaic cells this pumping is represented by an effective temperature T S = 1/k B β S ("sun temperature" 57 ). With the coupling scheme (1) this leads to electron current from the left to the right electrode, however this short circuit current does not perform any useful work unless (b) an opposing voltage bias V = ∆µ/e is set between the two electrodes (∆µ is the corresponding chemical potential difference) so that the photocurrent works against this bias. The kinetic rates now satisfy
where µ 2 = µ 1 + ∆µ and T = 1/k B β is the ambient temperature. At steady state, the current J is the same on all segments of the graph of Fig. 1 (b)
The open circuit (OC) voltage is the bias for which this current vanish. The existence of such a state again implies that these rates satisfy Eq. (3). Equations (3) and (4) then lead
Viewed as the zero current limit of the efficiency J∆µ/[J(E 2 − E 1 )] (ratio between the work per unit time,Ẇ = J∆µ extracted from the device and the heat per unit time, Q = (E 2 − E 1 )J absorbed from sun), Eq. (6) simply identifies the efficiency in this reversible (zero current) limit as the Carnot efficiency. Remarkably, this result does not depend on the relative alignment of the molecular levels with respect to the electrodes Fermi levels. It does rely on the assumption that all input "sun heat" enters at the resonance energy E 2 −E 1 , and identifies the inability of this system to efficiently extract energy from photons of different energies as an important source of loss.
This simple example demonstrates the use of kinetic schemes that incorporate rate information in the analysis of photovoltaic device performance, as well as its relationship to thermodynamics. Naturally, Carnot efficiency is realized in the OC limit. In the following two sections we apply a similar analysis to a simple model of bulk heterojunction organic photovoltaic (BHJ-OPV) cell, where essential internal losses leads to a maximum efficiency that is lower than the Carnot result.
III. BHJ-OPV MODEL
The BHJ-OPV cell model considered here is comprised of two effective sites l = D, A representing the donor (D) and the acceptor (A) molecules, in contact with two electrodes, L and R (see Fig. 2 ). Each of the sites is described as a two-state system with energy levels ε D1 , ε D2 ) and (ε A1 , ε A2 ) corresponding to the highest occupied and lowest unoccupied molecular orbitals (HOMO, LUMO) levels of the donor and acceptor species, respectively.
The electrodes are represented by free-electron reservoirs at chemical potentials In what follows we use the notation ∆E l = ε l2 − ε l1 (l = D, A), for the energy differences that represent the donor and acceptor band gaps, and refer to ∆ε = ε D2 − ε A2 as the interface or donor-acceptor LUMO-LUMO gap. 58 The different system states are described by occupation numbers n K j = 0, 1, where K = D, A and j = 1, 2.
To further assign realistic contents to this model we introduce the restrictions n D1 n D2 = 0 (i.e., the donor cannot be double occupied) and n A1 = 1. The second condition implies that the acceptor can only receive (and subsequently release) an additional electron. Because of this restriction, the energy ε A2 can be taken as the corresponding single electron energy given that level A 1 is occupied. The resulting microscopic description then consists of six states with respect to the occupations (n D1 , n D2 , n A1 , n A2 ), that we denote by the integers Coulomb attraction does not extend beyond the nearest neighbor D-A distance). Thus
With this understanding, the energy differences ∆E N ′ N = E N ′ − E N between any two molecular states depicted in Fig. 3 can be written and used as described below. 
IV. THERMODYNAMIC EFFICIENCY LIMIT FROM A CYCLE REPRESEN-TATIONS
The six system states shown in Fig. 3 are connected by rate processes, forming a graph in which the states are represented by nodes while the rate processes corresponds to the links between them. This graph can be decomposed into cycles, as detailed in Table I .
Let us focus on the fundamental cycle associated with the path C 1 : P 0 → P 1 → P 2 → P 3 → P 0 . This cycle represents the photovoltaic operation of the considered minimal model for a BHJ-OPV solar cell. In the "forward direction" it starts with electron transfer from the left electrode into level D1 (P 0 → P 1 ), followed by light induced promotion of the electron to level D2 (P 1 → P 2 ), exciton dissociation, that is electron transfer from D2 to A2
(P 2 → P 3 ) and, finally, transfer of the excess electron on level A2 of the acceptor to the right electrode. These processes are of course accompanied by their reverse counterparts. The energies associated with these transitions are
, and ∆E 03 = µ R − ε A2 . The corresponding rates satisfy detailed balance conditions that are determined by these energies and the corresponding temperatures. The processes 0 ⇋ 1, 2 ⇋ 3, and 3 ⇋ 0 are governed by the ambient temperature T . Consequently
and
Consider now the photoinduced 1 ⇋ 2 process. In general, both the forward and reverse transitions are associated with radiative and non-radiative excitation and recombination
The radiative rates are photoinduced by sunlight and satisfy a detailed balance condition associated with the sun temperature T S , while the non-radiative rates are determined by interaction with the environment and obey a detailed balance relation governed by the Fig. 2 .
CYCLE PATH
Consequently
where the effective temperature T eff is defined by
In the absence of radiationless loss (k
In the presence of such loss, Eq. (13) implies that (since T < T S ) T eff < T S . Note that the absolute magnitude of T eff is determined not only by the temperatures T and T eff but also by the kinetic rates themselves:
faster non-radiative recombination implies lower effective temperature.
Next, suppose that the cycle C 1 represents the entire energy conversion device. Consider the ratio of products of forward and backward, rates, k 10 k 21 k 32 k 03 and k 01 k 12 k 23 k 30 in cycle C 1 . From Eqs. (7)- (9) and (12) we get
where ∆µ = µ R − µ L . The quantity A(C 1 ) defined by (14) is the affinity of the cycle C 1 . It can be recast in the form
where
is the Carnot efficiency of a reversible machine operating between temperatures T and T eff .
As discussed in Sec. II, the cycle affinity vanishes when the cycle carries no current. In this reversible case Eq. (15) yields
As discussed in Sec. II [see Eq. (6) The result (17) is an expression for the maximal efficiency of a device operating along cycle C 1 . However, it is easily checked that the same condition for vanishing affinity is obtained for any of the cycles in Table I Note that in the absence of non-radiative recombination, Eq. (17) becomes
which is compatible with the result of Ref. 21 .
Equations (13), (16) , and (17) non-radiative recombination in the donor-subsystem leads to a maximum OC efficiency and OC voltage that are lower than the limiting Carnot value. For example, with our choice of (reasonable) parameters the maximum available efficiency is found to be 0.85 , which ∼ 10% lower than the corresponding Carnot value (∼ 0.95). This approach can be generalized in several ways. Operation under finite overall current can be analyzed to yield efficiency at maximum power. 60 Even under OC conditions, loss due to the presence of cycles with nonvanishing currents can be encountered in more complex models and should be accounted for. Finally, extending such approach to the quantum-mechanical regime may be of interest.
These will be subjects of future efforts.
on the detailed balance ratio and is not affected by the specific form of the transition rates for the electron hopping between the reservoirs and the molecule sites as well as between the donor and acceptor molecules.
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